Gigantic electric-field-induced second harmonic generation from an organic conjugated polymer enhanced by a band-edge effect by Zhang, Shuang
 
 
Gigantic electric-field-induced second harmonic
generation from an organic conjugated polymer
enhanced by a band-edge effect
Zhang, Shuang
DOI:
10.1038/s41377-019-0128-z
License:
Creative Commons: Attribution (CC BY)
Document Version
Publisher's PDF, also known as Version of record
Citation for published version (Harvard):
Zhang, S 2019, 'Gigantic electric-field-induced second harmonic generation from an organic conjugated polymer
enhanced by a band-edge effect' Light: Science & Applications, vol. 8, 17 (2019).
https://doi.org/10.1038/s41377-019-0128-z
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Checked for eligibility: 17/06/2019
Chen, Shumei, et al. "Gigantic electric-field-induced second harmonic generation from an organic conjugated polymer enhanced by a band-
edge effect." Light: Science & Applications 8.1 (2019): 17.
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 13. Jul. 2019
Chen et al. Light: Science & Applications            (2019) 8:17 Ofﬁcial journal of the CIOMP 2047-7538
https://doi.org/10.1038/s41377-019-0128-z www.nature.com/lsa
ART ICLE Open Ac ce s s
Gigantic electric-ﬁeld-induced second
harmonic generation from an organic
conjugated polymer enhanced by a
band-edge effect
Shumei Chen1, King Fai Li2, Guixin Li 2, Kok Wai Cheah3 and Shuang Zhang1
Abstract
Electric-ﬁeld-induced second harmonic generation (EFISH), a third-order nonlinear process, arises from the interaction
between the electric ﬁeld of an external bias and that of two incident photons. EFISH can be used to dynamically
control the nonlinear optical response of materials and is therefore promising for active nonlinear devices. However, it
has been challenging to achieve a strong modulation with EFISH in conventional nonlinear materials. Here, we report
a large tunability of an EFISH signal from a subwavelength-thick polymer ﬁlm sandwiched between a transparent
electrode and a metallic mirror. By exploiting the band-edge-enhanced third-order nonlinear susceptibility of the
organic conjugated polymer, we successfully demonstrate a gigantic EFISH effect with a modulation ratio up to 422%
V−1 at a pumping wavelength of 840 nm. The band-edge-enhanced EFISH opens new avenues for modulating the
intensity of SHG signals and for controlling nonlinear electro-optic interactions in nanophotonic devices.
Introduction
In nonlinear optics, it is well-known that the frequency
conversion processes depend on both the chemical com-
position of the material and the spatial symmetry of the
optical crystal1,2. Symmetry is especially important for
second-order nonlinear processes. For example, the sec-
ond order susceptibility χ(2) is forbidden in centro-
symmetric materials in the electric dipole approximation.
Therefore, second harmonic generation (SHG) has been
widely explored in natural crystals with broken inversion
symmetry. Although the inversion symmetry of conven-
tional optical crystals can be broken by introducing a
stressor layer3, the modulation depth of the nonlinear
optical susceptibility of the hybrid system is very limited.
With artiﬁcial photonic structures, such as liquid crystals,
photonic crystals, metamaterials and metasurfaces4–6,
both local and global symmetries can be readily engineered
to boost the SHG efﬁciency through quasi-phase
matching7–10, plasmonic and magnetic resonances11–15,
and continuous control of nonlinearity phase16.
The dynamic control of nonlinear optical signals may have
important applications in optical modulation and switching.
Various switching technologies based on Kerr or free-carrier
nonlinearities in semiconductor materials have been devel-
oped using all-optical control schemes. Alternatively, the
control of nonlinear optical signals can be realized using
electro-optic interactions. For example, electric-ﬁeld-
induced SHG (EFISH), which was proposed in the early
1960s, provides an alternative route for designing nonlinear
optical modulators17. In the EFISH process, an external
static electric ﬁeld can be mixed with the fundamental wave
(FW) to produce SHG in nonlinear optical materials with
large third-order susceptibilities. Because the symmetry of
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nonlinear optical materials has fewer restrictions in third-
order processes compared to second-order processes, the
EFISH process has been extensively exploited in various
media, such as optical crystals17,18, electrolytic solutions19,
metal–oxide–semiconductors20, organic devices21, silicon
waveguides22, and photonic metamaterials23–25. It
was demonstrated that the efﬁciency of the EFISH signal
could be greatly improved by utilizing the backward
phase matching technique in plasmonic metamaterials25
and quasi-phase matching in silicon waveguides 22. EFISH
was recently realized by electrostatic doping in two-
dimensional (2D) materials. Speciﬁcally, electrically tunable
SHG was theoretically studied using plasmonic resonances
in doped graphene nanoislands26 and experimentally rea-
lized based on strong exciton charging effects in monolayers
of WSe2
27. Electric-ﬁeld-controlled SHG in 2D materials
also has many limitations. For example, the SHG predicted
in graphene nanoislands strongly relies on heavy doping
of charge carriers and thus imposes critical requirements
on the fabrication of graphene monolayers. In addition,
the electric-ﬁeld-enabled modulation depth of SHG
from a WSe2 transistor was less than 3%V
−1, which
limits its potential applications as a nonlinear optical
modulator.
Here, we demonstrate band-edge-enhanced EFISH from
a subwavelength-thick organic conjugated polymer PFO
(poly(9,9-di-n-dodecylﬂuorenyl-2,7-diyl) ﬁlm sandwiched
between two conducting layers—indium–tin–oxide (ITO)
and aluminum, which serve as electrodes. The PFO
polymer is a p-type π-conjugated polymer, which is
usually used as a blue-emitting material with a bandgap
energy of ~2.95 eV. It was reported that the PFO thin ﬁlm
has a high third-order susceptibility χ(3) for the FW at near
infrared wavelengths28. However, less attention has been
paid to its nonlinear properties when the THG or SHG
frequencies are close to the bandgap energy. In this work,
we observe a large EFISH enhancement in PFO at a very
low biased voltage when the energy of the FW is close to
half of the peak absorption energy (3.18 eV) of PFO. The
observed prominent EFISH effect in subwavelength-thick
polymer devices with a modulation depth 422% V−1 may
open new avenues for designing novel electro-optic
modulators.
Results
The EFISH device consists of a 100-nm-thick PFO thin
ﬁlm sandwiched between aluminum (Al, 100 nm) and
ITO (50 nm) electrodes, as shown in Fig. 1. For PFO
thicknesses less than 100 nm, there exists a high risk of a
short circuit due to the roughness of the ITO layer. Thus,
in this work, the PFO thickness deviates from the opti-
mized value of 50 nm (see Supplementary materials for
more discussions). Under normal incidence of the FW,
SHG from amorphous PFO ﬁlm is forbidden, as the sec-
ond order susceptibility χ(2) is negligible in the homo-
geneous ﬁlm. However, SHG can be generated in
homogenous PFO ﬁlm under the condition of broken
inversion symmetry from an oblique incidence of the FW.
The reﬂected SHG intensity from the ITO/PFO/Al
sandwiched photonic device can be described by:
I2ω / ðχð3ÞEDCþχð2ÞÞE2ω
 2
¼ððχð3ÞEDCÞ2 þ 2χð2Þχð3ÞEDCÞE4ω þ ðχð2ÞÞ2E4ω
ð1Þ
where Eω is the electric ﬁeld of the FW; EDC is the external
electric ﬁeld applied to the PFO thin ﬁlm through the ITO
and aluminum electrodes; and χ(2) and χ(3) are the effec-
tive second- and third-order susceptibilities of the PFO
layer, respectively. χ(2) arises from the generation of SHG
at the Al–PFO or the ITO–PFO interfaces. In the second
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Fig. 1 Schematic of electric-ﬁeld-induced SHG (EFISH) from the ITO/PFO/aluminum device. For a fundamental wave (FW) with TM-polarization,
obliquely incident onto the EFISH device, the intensity of the SHG waves can be modulated by applying a DC electric ﬁeld. Under oblique incidence
of the FW with TM-polarization (electric ﬁeld parallel to x–z plane), EFISH comes from the coupling between the electric ﬁeld of the incident light and
that of an applied voltage using the third-order susceptibility of PFO. The electric ﬁeld of the TE (electric ﬁeld of light along y-axis)-polarized FW is
perpendicular to that of the applied voltage, so EFISH is also forbidden
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line of Eq. (1), the ﬁrst and third terms describe the EFISH
and the common SHG process, respectively, while the
second term represents the interference between the two,
which relies on both the χ(2) and χ(3) coefﬁcients of the
system. This is in contrast to most of the previous works
on active materials where χ(3) plays a dominant role17–25.
Due to the coupling between the electric ﬁeld of the FW
and the DC ﬁeld in the second term of Eq. (1), the
intensity of EFISH can also be tuned by switching the sign
of the applied DC electric ﬁeld.
To experimentally explore the modulation of the EFISH
signal from the PFO thin ﬁlm, we fabricated a 100-nm-
thick homogeneous PFO thin ﬁlm on top of ITO-coated
glass using the spin-coating method, followed by thermal
evaporation of a 100-nm-thick aluminum electrode. The
triple-layer EFISH device is encapsulated in a nitrogen
environment to avoid degradation of the PFO thin ﬁlm.
Both the electrical and linear optical properties of the
EFISH device are characterized. The electrical properties
are shown in Fig. 2a, where the current density (I) of the
device is plotted as a function of the applied voltage (V).
The positive/negative voltages can be applied by con-
necting the ITO electrode to the anode/cathode of a DC
power supply. The current–voltage (I–V) curve is slightly
asymmetric when the applied voltage is switched from
positive to negative values, and vice versa, which is
attributed to the common diode effect of the ITO/PFO/
aluminum conﬁguration. The reﬂection spectrum of the
EFISH device is measured at an incident angle of 45° using
a transverse magnetic (TM)-polarized FW. As shown in
Fig. 2b, due to the strong absorption of the PFO thin ﬁlm
at wavelengths below 400 nm, the reﬂection efﬁciency of
the device drops to less than 10%. The spectrum is fea-
tureless with a reﬂectivity above 80% for wavelengths
between 400 and 900 nm, owing to the high reﬂectivity of
the 100 nm aluminum ﬁlm. The calculated reﬂectance of
both the triple-layer device and the 100 nm aluminum
ﬁlm are obtained using the transfer matrix method29 with
the measured refractive indices of PFO, ITO, and alumi-
num. The calculated results agree well with the measured
results.
We ﬁrstly studied the polarization states of the SHG
signal generated from the EFISH device. For a TM-
polarized FW at a wavelength of 840 nm, the SHG signal
with the same polarization is much stronger than that of
TE polarization (Fig. 3a), with a polarization ratio up to
~158. In addition, the power-dependent SHG intensity at
a wavelength of 420 nm has a slope value of 1.88 (Fig. 3b),
which is close to the theoretical value of 2.0, indicating a
second-order nonlinear optical porcess. Next, SHG from
the ITO/PFO/aluminum is characterized using a femto-
second laser with tunable wavelength output. The TM-
polarized FW is obliquely incident onto the device after
passing through a lens with a focal length of 150 mm. The
central wavelength of 840 nm of the FW has a bandwidth
of approximately 15 nm. SHG signals from the EFISH
device without an applied DC voltage are ﬁrst measured
using an Andor spectrometer with a photomultiplier tube
detector, as shown in Fig. 4a. For the FW at wavelengths
from 810 to 900 nm, the wavelength-dependent intensity
of the SHG, which should be proportional to the square of
the modulus of the effective χ(2), is experimentally char-
acterized. Fig. 4b shows that the SHG efﬁciency exhibits a
sharp peak at the fundamental wavelength of 840 nm. The
resonant behavior of the SHG intensity can be attributed
to the enhancement of in the effective χ(2) when twice the
energy of the FW is close to the absorption band of
PFO28.
We next study electric-ﬁeld-induced SHG from the
ITO/PFO/aluminum device by applying a DC voltage (U)
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Fig. 2 Electrical and optical properties of the ITO/PFO/aluminum
device. a Current density as a function of applied voltage. ITO acts as
either an anode or a cathode for positive and negative values of the
applied voltage. b Measured reﬂection spectra of the EFISH device.
The reﬂection efﬁciency drops quickly when the wavelength of the
incident light is less than 430 nm due to the absorption of PFO. The
dashed-dotted line at a wavelength of 420 nm corresponds to the
peak position of the SHG in the nonlinear optical measurements. The
red dashed line and the blue dotted line are the calculated
reﬂectances of the EFISH device and a single aluminum layer with a
thickness of 100 nm
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to the ITO and aluminum electrodes. As shown in Fig. 4a,
the ITO layer can be used as either an anode (U > 0) or a
cathode (U < 0). To avoid the damage of the EFISH device,
the spectral measurement of the EFISH signal for a DC
voltage only up to U= 6 V is carried out (red dot line with
circles in Fig. 4b) for a TM-polarized FW at an incident
angle of 45°. Compared to the case of U= 0 (black dot line
with triangles in Fig. 4b), one can see that the applied
electric ﬁeld can greatly boost the SHG efﬁciency. To
better understand the mechanism and the efﬁciency of the
EFISH process, we plot the electric-ﬁeld-induced SHG
intensity versus the applied voltage U at the fundamental
wavelengths of 840 and 810 nm in Fig. 4c, d, respectively.
At the resonant wavelength of 840 nm (Fig. 4c), the SHG
always has the highest efﬁciency for the EFISH device
regardless of the applied DC electric ﬁeld. When U is
swept from 0 to 6 V, the SHG intensity initially drops to a
minimum value of I2ω= 0.489 (a.u.) at U= 1.5 V and then
grows quickly to I2ω= 9.29 (a.u.) at U= 6 V. This corre-
sponds to an SHG modulation depth of I2ω (U= 6)/
[ΔU·I2ω (U= 1.5)]~422% V
−1, with ΔU= 4.5 V in this
case. This modulation depth is much higher than that in
conventional EFISH devices or the electric-ﬁeld-
controlled SHG from WSe2
26. Additionally, the modula-
tion depth of the electric-ﬁeld-controlled SHG from
plasmonic metamaterials23,24 and WSe2
27 is less than
0.9% V−1 and 3% V−1, respectively. If a reversed voltage is
applied to the device, EFISH shows very different beha-
vior; the SHG intensity continues to increase when U is
swept from 0 to −6 V, and the measured modulation
depth of the SHG has a negative value of ~−335% V−1. In
comparison, the electric-ﬁeld-controlled modulation
depth of SHG in WSe2 devices is negative for both posi-
tive and negative biases. A very similar optical response
was observed from the EFISH measurement at a non-
resonant wavelength of 810 nm (Fig. 4d). The measured
EFISH dependence over the applied electric ﬁeld can be
perfectly explained by Eq. (1), and the relative values of
the effective χ(2) and χ(3) of the EFISH device can be
retrieved by ﬁtting the measured EFISH curves using
Eq. (1), as shown in Fig. 4c, d (see Supplementary mate-
rials for more details). The ratio between the effective χ(2)
and χ(3) is found to be 1.6271 and 1.4451 Vm−1 for FWs
at 840 and 810 nm, respectively.
Discussion
We have shown that the EFISH device based on an
organic conjugated polymer provides an excellent plat-
form for electrically controlled SHG. The SHG efﬁciency
with a frequency at the edge of the absorption band of
PFO is greatly boosted due to the resonant nature of the
χ(3) of the organic conjugated polymer. To the best of our
knowledge, the EFISH modulation depth of ~422% V−1 is
the highest value ever reported. The maximum EFISHG
efﬁciency of 1.92 × 10−5 was obtained at a wavelength of
420 nm when a 6.0 V external voltage was applied. In
addition, the effective χ(2) of the EFISH device and the χ(3)
of PFO were successfully retrieved, which sheds light on
the mechanism of EFISH in the ITO/PFO/aluminum
device. This work opens new avenues for designing
electric ﬁeld-controlled SHG based on organic con-
jugated polymers with a large modulation depth. It is
expected that through the integration of plasmonic
metamaterials and metasurfaces into the current EFISH
device, the performance such as the modulation depth
and efﬁciency of the SHG will be further enhanced,
indicating great potential in applications such as electro-
optic modulators.
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Fig. 3 Nonlinear optical properties of ITO/PFO/aluminum without
an applied voltage. The FW is obliquely incident onto the ITO/PFO/
Aluminum system at angle of 45°. The thicknesses of ITO/PFO/
Aluminum are 50/100/100 nm, respectively. The FW has TM
polarization with an electric ﬁeld parallel to the incident plane (x–z).
a Polarization characteristics of the SHG at a wavelength of 420 nm,
and the SHG spectra with the same polarization (TM) and cross-
polarization states (TE, electric ﬁeld along the y-axis) compared to that
of the FW. It is found that the H-polarized SHG signal is much stronger
than that with TE polarizations. b The SHG intensity as a relationship of
the pumping power; the slope value of 1.88 indicates a second-order
nonlinear optical process
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Materials and methods
Sample fabrication
The blue-emission polymer PFO was used as the active
material in this work. The PFO materials were purchased
from Sigma-Aldrich. The molecular weights of PFO are
Mw≦ 20,000. PFO was dissolved in toluene solution at a
concentration of 16 mgmL−1. PFO ﬁlms with a thickness
of 100 were fabricated by spin-coating onto a 0.7-mm-
thick ITO-coated glass substrate.
SHG measurement
SHG was measured using femtosecond (fs) laser (repe-
tition frequency: 1 kHz, pulse duration: ~ 100 fs) output
from an optical parametric oscillator at wavelengths from
810 to 900 nm. The power of the FW in Fig. 2, measured
by a photodiode (Newport 818) connected to a lock-in
ampliﬁer, is a relative value. The averaged power of the
FW in Fig. 4c, d is 10 mW. Laser light with a spot size of
~100 µm in diameter is obliquely incident onto the EFISH
device after passing through a lens (N.A.= 0.05). The
SHG signals from the EFISH device are collected by the
second lens (N.A.= 0.05). After ﬁltering the pumping
laser, SHG is measured by a PI-Acton spectrometer with a
photomultiplier tube detector.
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